The properties of Co 2 (Mn 1Àx Fe x )Ge (CMFG) (x ¼ 0-0.4) Heusler alloy magnetic layers within polycrystalline current-perpendicular-to-the plane giant magnetoresistance (CPP-GMR) spinvalves are investigated. CMFG films annealed at 220-320 C exhibit partly ordered B2 structure with an order parameter S B2 ¼ 0.3-0.4, and a lower S B2 was found for a higher Fe content. Nevertheless, CPP-GMR spin-valve devices exhibit a relatively high magnetoresistance ratio of $13% and a magnetoresistance-area product (DRA) of $6 mX lm 2 at room temperature, which is almost independent of the Fe content in the CMFG films. By contrast, at low temperatures, DRA clearly increases with higher Fe content, despite the lower B2 ordering for increasing the Fe content. Indeed, first-principles calculations reveal that the CMFG alloy with a partially disordered B2 structure has a greater density of d-state at the Fermi level in the minority band compared to the Fe-free (Co 2 MnGe) alloy. This could explain the larger DRA measured on CMFG at low temperatures by assuming that s-d scattering mainly determines the spin asymmetry of resistivity as described in Mott's theory. Published by AIP Publishing. [http://dx
I. INTRODUCTION
Current-perpendicular-to-the-plane giant magnetoresistance (CPP-GMR) devices using Co-based Heusler alloys have received a significant research attention due to their promising application for read sensors of hard disk drives (HDDs). 1 The intrinsic low resistance-area product (RA) of an all-metal CPP-GMR device is expected to be beneficial for low noise operation in the ultra-narrow sensor dimensions (<30 nm) required for high recording areal density of HDD >1 Tbit/in. 2 In order to obtain the required signal-tonoise ratio of read sensors, the substantial enhancement of the CPP-GMR output (MR ratio (DR/R) Â bias voltage) is necessary. In the last several years, very large DR/R values exceeding 30% at room temperature (RT) have been reported for epitaxial pseudo spin-valves using various Heusler alloys, e.g., Co 2 MnSi, 3 Co 2 (Mn,Fe)Si, 4, 5 Co 2 Fe(Al,Si), 6 and Co 2 Fe(Ga,Ge). 7, 8 These epitaxial films are typically annealed at high temperatures >500 C; thus, a high degree of B2 or L2 1 chemical order can be obtained, which provides a large spin polarization of conduction electrons. 9, 10 In the read head fabrication process, however, there are various limitations for the high annealing temperature, i.e., degradations of the soft magnetic properties of NiFe shield layer, of the pinning performance of spin-valve, and of the multilayer structure with sharp interfaces. Therefore, a high CPP-GMR value has to be obtained with relatively low annealing temperatures (presumably < $300 C) for practical read sensors. We previously reported that Co 2 MnGe provides a relatively large CPP-GMR ratio ($10%) using a low annealing temperature at 245 C. 11 Further improvement of Heusler alloy materials is crucial for the enhancement of CPP-GMR with practical spin-valve structures.
One of the characteristic features of CPP-GMR with Heusler alloys is that the MR shows a strong temperature dependence. For example, DR/R and DRA of CPP-GMR devices with Heusler alloys increase with decreasing sample temperature more rapidly than those with conventional ferromagnets, e.g., DRA 14 K /DRA 290 K $ 2 for Co 2 Fe(Al 0.5 Si 0.5 ), whereas DRA 14 K /DRA 290 K $ 1.5 for Co 50 Fe 50 . 12 In addition, the temperature dependence of DRA has been known to depend strongly on the Heusler alloy composition. Furubayashi et al. 13 reported that DRA of the Co 2 Fe(Al,Si)/Ag/Co 2 Fe(Al,Si) epitaxial trilayer shows comparable values independent of the Al-Si composition at 300 K, whereas DRA at 5 K was much larger for Co 2 FeSi than for Co 2 FeAl: DRA 5 K /DRA 300 K $ 3 for Co 2 FeSi and $1.7 for Co 2 FeAl. They attributed the large difference in the temperature dependence of DRA between Co 2 FeSi and Co 2 FeAl to the different degree of chemical order: the CoFeSi film was L2 1 ordered, whereas the Co 2 FeAl film was B2 ordered. Because it is critical to retain as much signal as possible for spin-valve sensors operating above room temperature, the temperature dependence of CPP-GMR using Heusler alloys and its origins is worthy of further study.
In this work, we study systematically quaternary Co 2 (Mn 1Àx Fe x )Ge (CMFG) (x ¼ 0-0.4) for CPP-GMR. While the CPP-GMR values at room temperature are comparable ($13%) for all Fe contents in CMFG, the values at low temperatures are found to be higher with increasing Fe content.
II. EXPERIMENTAL PROCEDURES
Films were prepared by dc magnetron sputtering in 2 mTorr Ar gas atmosphere with a base pressure of a)
Internship student from Department of Physics, Ohio State University. Fe 13 , and Ge, which by proper relative power to each sputter gun will enable variations of Fe proportion x from 0 to 0.4. The film compositions were measured by x-ray fluorescence (XRF) and are shown in Table I . The Fe concentrations were 0, 2.7, 4.9, and 9.2 at.% for nominal Fe substitution into Mn of x ¼ 0, 0.1, 0.2, and 0.4, respectively. The Co and Ge concentrations were $50 at.% and 26-29 at.%, respectively. As seen for the Mn concentration of 19.8 at.% in the case of x ¼ 0 (Co 2 MnGe), the Mn concentration in film is prone to be deficient, presumably due to the high vapor pressure of Mn. Consequently, for x ¼ 0.1-0.4 alloys, (Mn þ Fe) concentrations are lower than the stoichiometric 25 at.%. Hereafter, each CMFG composition is referred to by the nominal Fe proportion x, e.g., CMFG (x ¼ 0.4) for Co 2 (Mn 0.6 Fe 0.4 )Ge.
We fabricated spin-valve CPP-GMR films with antiparallel (AP) coupled pinned layer (PL)/reference layer (RL), and AP-coupled free layer (FL) with a structure of FL1/Ru/ FL2, on a NiFe magnetic shield layer plated on an AlTiC ceramic substrate and planarized by chemical-mechanical polishing. The AP-coupled FL suppresses the magnetization instability caused by spin-transfer-torque efficiently; 14 therefore, higher signal output voltage is obtained. 15 The layer structure is Ta/Ru seed/IrMn (5 nm)/CoFe (2. After the completion of sputtering depositions, the spinvalve films were ex situ annealed at 270 C to set the exchange bias by the IrMn antiferromagnetic layer and to enhance the chemical ordering in the CMFG RL and FL. The magnetic properties of the CMFG films were measured by a vibrating sample magnetometer (VSM). The crystal structure of CMFG films were measured by x-ray diffraction (XRD) with Cu-K a line, and the microstructure of the CPP-GMR spin-valve film was observed by transmission electron microscopy (TEM). The CPP-GMR films were patterned into circular shaped pillars with 90 nm diameter by a combination of electron beam lithography and Ar þ ion etching. MR (R-H) curves were measured by 4-probe method at RT and low temperatures down to 4.2 K. First, in order to ensure the statistics of the resistance-area product (RA) and DR/R, more than 80 devices were measured at RT using an automatic wafer prober. Next, 10 devices with good magnetic properties (e.g., square R-H curve and low coercivity of FL) were selected for low temperature MR measurements using manual cryo-probe station in a four-point measurement geometry. The measurement temperature was controlled by the liquid helium flow and Proportional-integral-differential controlled heater. R-H was measured by using a lock-in amplifier with an ac modulation current of 100 lA at 211 Hz.
III. RESULTS

A. Crystalline structure of CMFG films
The crystal structure of the CMFG films was studied using the Ta(2 nm)/Ru(2 nm)/AgSn(4 nm)/CoFe(0.2 nm)/ CMFG(20 nm)/Ru(4 nm) structure, similar to the FL1 of the spin-valves, but with a much thicker film thickness of the CMFG layer. Films annealed at 220, 270, and 320 C were compared. As shown below, all the films in this study showed only B2 order without L2 1 order; however, we use the crystalline plane index for the L2 1 structure. Figure 1 shows the out-of-plane XRD profiles of CMFG films. For Co 2 MnGe (CMG) and CMFG (x ¼ 0.1), no diffraction peak from the bcc structure was observed in the as-deposited films, suggesting that those films are amorphous in the asdeposited state. By annealing the CMG and CMFG (x ¼ 0.1) films, 220 diffraction peaks appeared at 2h $ 44. 7 . Therefore, the CMG and CMFG films have bcc 110 out-ofplane texture. On the other hand, the CMFG films (x ¼ 0.2 and 0.4) exhibit 220 diffraction even in the as-deposited film. Thus, the CMFG films are grown in a bcc crystalline phase in the as-deposited state. In-plane XRD was also measured to study the chemical ordering in the CMG and CMFG films. Figure 2( is the ratio of the intensity of the 200 B2 superlattice peak to that of the 400 fundamental peak, and the subscripts "exp" and "theo" denote experimentally measured value and theoretically expected value for the perfect B2 ordered structure. C showed enhanced B2 order compared to those films annealed at 220 C. However, annealing at an even higher temperature (320 C) decreased the degree of B2 order for the alloys with x ¼ 0-0.2. The lateral grain size of the CMFG crystals was estimated by using the Scherrer equation as shown in Fig. 2(c) , showing a strong dependence of the grain size on the Fe composition in CMFG: $20 nm in CMG and $10 nm in CMFG (x ¼ 0.4). For all Fe content x, the larger grain size was obtained by the higher annealing temperature. Figure 3 shows out-of-plane lattice constants (a ? ) and in-plane lattice constants (a // ) of the CMFG films measured from 220 and 400 peaks, respectively. For the bulk alloys, the lattice constants of CMFG alloys are expected, based on the Vegard's law, to be constant independent of the Fe content because Co 2 MnGe 17 and Co 2 FeGe 18 have an identical lattice constant of 0.5743 nm. In the CMG film, a ? (0.574 nm) is very close to the bulk value, whereas a // (0.581 nm) is much larger than the bulk value, indicating that the CMG lattice is under tensile stress. With higher Fe content, the difference between a ? and a // becomes smaller. For the CMFG (x ¼ 0.4) films, a ? and a // are almost the same as the bulk value. The cause of the lattice strain in the low Fe containing CMFG and CMG films is not clear at present. As shown in Fig. 1 , the CMFG films (x ¼ 0 and 0.1) are amorphous-like in the as-deposited state and crystallize upon annealing; thus, the strained lattice could be related to the crystallization during annealing.
B. Magnetic properties
Magnetization curves were measured for Ta (2 nm)/Ru (2 nm)/CMFG (2.5-17 nm)/Ru (4 nm) films deposited on glass substrates. Figure 4 shows the magnetization Â thickness (M Â t) (equivalent to moment per area of film) vs. t for x ¼ 0, 0.2, and 0.4. From the slope of M Â t vs. t, the magnetization of the film is obtained. The as-deposited CMG films did not show noticeable magnetization, consistent with the amorphous nature of the as-deposited CMG film ( Fig. 1(a) ). After annealing at 270 C, the CMG films crystallize and partially B2-order (as shown in Figs. 1(a) and 2) with magnetization of 770 emu/cc, which is lower than that of the bulk Co 2 MnGe ($980 emu/cc). 19 The lower magnetization in the present thin film may be due to both higher Ge concentration (29 at.%) than the stoichiometry and the imperfect B2 ordering (S B2 ¼ 0.4). While the as-deposited CMG films were non-magnetic, the CMFG (x ¼ 0.2 and 0.4) films showed a magnetic moment in the as-deposited states as shown in Figs. 4(b) and 4(c), consistent with the crystalline nature of those alloys in the as-deposited states (Figs. 1(c) and 1(d) ). As shown in Fig. 4(d) , the magnetization of the CMFG films annealed at 270 C increases with increasing Fe content.
C. Film microstructure (not shown here). The lateral grain size of each layer is $12 nm within this TEM image, which is roughly on the same order of what was estimated by in-plane XRD measurement in the 20 nm-thick CMFG film (Fig. 2(c) ). Grain boundaries are observed throughout the spin-valve film from the IrMn layer to the Ru capping layer (the grain boundary contrast is clearly seen particularly in the AgSn spacer and the Ru cap). This indicates that the films are grown vertically with the epitaxial relationship from the bottom layer to the top layer. In other words, the grain size of the bottom layer (in this case, IrMn) translates to the top most layer (Ru cap) because of the epitaxial growth within each grain.
D. Magnetoresistance properties
R-H curves of the CPP-GMR spin-valves were measured for more than 80 devices for each Fe composition of CFMG at RT, which provides sufficient statistics of the CPP-GMR properties. The values of RA of the CPP-GMR spin-valve devices were 47 6 1 mX lm 2 independent of the Fe content of CMFG. The lead resistance $0.3 X was subtracted from the raw device resistance ($7.7 X for 90 nm-diameter devices at RT). Figure 6(a) shows the DR/R (¼ (R AP -R P )/R P ) values as a function of Fe proportion x, where R P and R AP are the resistance in the parallel (P) and antiparallel (AP) magnetization configuration between the RL and FL 1 , respectively. CMG shows a median DR/R ¼ 12.6%, whereas those of CMFG (x ¼ 0.1-0.4) were almost constant $13.3% with the experimental error, and only slightly higher than that of CMG. Therefore, DR/R at RT does not show a clear dependence on the Fe content in CMFG at least for the present spinvalve film structure and process conditions. Next, the temperature dependence of the CPP-GMR properties was measured for each Fe content in CMFG down to 4.2 K. Figure 6(b) shows the R-H curves for CMFG (x ¼ 0.4) at 4.2 K and 300 K. These R values contain the parasitic lead resistance, which is 0.3 X at 300 K and also expected to be temperature-dependent. As the sample temperature is decreased from 300 K to 4.2 K, R P decreases mainly due to the decreasing resistance of both spin-valve film and lead. The effect of the excess resistance at the ferromagnet/nonmagnet interfaces by spin accumulation is negligible in the P state. On the other hand, R AP increases with decreasing sample temperature, due to the increasing spindependent scattering effect contributing to the CPP-GMR, which is more significant than the decreasing resistance of the spin-valve film and the lead. Therefore, both DR/R and DRA increase with decreasing temperature as plotted for DRA in Fig. 7 . The increases in DRA with decreasing temperature tend to saturate below approximately 50 K. As shown in Fig. 6(a) , DR/R and DRA do not show a strong dependence on the Fe content at RT. However, in Fig. 7 one can see a significant difference in DRA for different Fe contents at low temperatures. The inset of Fig. 7 is the temperature dependence of DRA in terms of DRA at 4.2 K divided by DRA at 300 K (DRA 4.2 K /DRA 300 K ) with statistics from 10 devices for each Fe content. The temperature dependence of DRA clearly increases with increasing Fe content, indicating that CMFG (x ¼ 0.2 and 0.4) has a higher spin asymmetry of scattering of the conducting electron than CMG at low temperatures. However, at elevated temperatures, the spin asymmetry of electron scattering is reduced by the thermal fluctuation of the band structure, and therefore, DRA becomes nearly independent of the Fe content.
IV. DISCUSSION
In this section, we discuss the origin of the larger temperature dependence (DRA 4.2 K /DRA 300 K ) for higher Fe substitution in Co 2 (Mn 1Àx Fe x )Ge. As shown in Fig. 2 , the degree of B2 order measured in 20 nm-thick film was measured to be actually lower for higher Fe content, while we found higher DRA at low temperatures for the higher Fe content. Therefore, the compositional dependence of DRA 4.2 K / DRA 300 K cannot be explained by the degree of B2 order.
To help resolve this issue, we carried out first-principle calculations of the density of state (DOS) of the CMFG alloys. The calculations were performed using the AkaiKKR code, a full-potential density-functional Green's function approach based on the Korringa-Kohn-Rostoker (KKR) multiple scattering technique. [20] [21] [22] The coherent potential approximation 23, 24 was used to take into account the disorder in the CMFG alloys. We first considered how the electronic structure of L2 1 -ordered CMFG evolves with Fe content (x ¼ 0-1). The lattice parameter was fixed to the bulk alloy value of 0.5743 nm for all compositions. Figure 8 shows the DOS of CMFG near the Fermi level (E F ). In the case of x ¼ 0 (CMG), E F is located inside the (pseudo) band gap of the down spin electron; thus, L2 1 -ordered CMG is predicted to be highly spin-polarized. By partly substituting Mn with Fe, with fixed E F as in Fig. 8 , the down-spin band moves to the left, away from E F , and consequently the half-metallic properties are destroyed. Generally, it is believed that by moving E F to the center of the minority band gap, the high spin polarization of a Heusler alloy should become robust against both chemical disorder and elevated temperatures. 25, 26 However, in our CPP-GMR experiments, CMFG (x ¼ 0.2, 0.4) magnetic layers showed higher MR at low temperatures. Therefore, the intrinsic band structure of the L2 1 ordered alloy cannot explain the experimental result.
For the deposited CMFG films with low Fe content, we found that the out-of-plane lattice constant was significantly larger than the measured in-plane lattice constant and the bulk lattice constant (Fig. 3) . This distorted crystal structure may have some impact on the minority band gap in CMFG and could potentially explain the higher MR in CMFG films with high Fe content. Accordingly, we calculated the DOSs for the distorted CMG crystal for both the L2 1 ordered phase and the B2 phase. As can be seen in Fig. 9 , in both cases the minority band gap is preserved in the presence of the distortions and B2 phase (S B2 ¼ 1.0) and therefore this approach still cannot explain the measured differences in DRA value with Fe content.
To attempt a more direct comparison with our experiments, we calculated the DOSs (Fig. 10 ) for both CMG with partial B2 ordering (S B2 ¼ 0.43) and CMFG (x ¼ 0.2) with lower partial B2 ordering (S B2 ¼ 0.35) as we measured experimentally by in-plane XRD. The high degree of disorder in both systems results in a complete collapse of the minority band gap near E F . In fact, for both systems, the minority DOS at E F is significantly higher than the majority DOS. The features of the DOS can be resolved by examining the localized DOS on different atoms and sites. In the case of the minority DOS, the broad peak slightly above the E F comes primarily from Co d-orbitals in CMG and from both Co and Fe d-orbitals in the case of CMFG (x ¼ 0.2). A second broad peak at higher energies can be traced to the minority Mn d-orbitals. Doping CMG with Fe leads to an increase in the minority DOS at E F and to a slight reduction of the majority DOS. For the given measured disorder for both systems, this leads to CMFG (x ¼ 0.2) having a greater spin asymmetry (DOS (down)/DOS(up) ¼ 2.99) than CMG,
This increase in spin asymmetry with increased Fe content could provide an explanation for the higher DRA values observed in CMFG (x ¼ 0.2 and 0.4) at low temperatures. At very low temperatures, electronic transport and magnetoresistance are dominated by a narrow energy window around E F . In the case of perfectly ordered L2 1 CMG, there are no minority carriers at E F and electronic transport in the GMR stack will be due to the majority carriers. However, for the case where there is only partial B2 ordering, the minority band gap collapses and the DOS at E F is primarily made up of minority states for both CMG and CMFG. Given that the Fe d-orbitals are located slightly above E F , increasing the Fe content leads to a higher minority carrier density and a greater spin asymmetry at E F . We can estimate the spin asymmetry if we assume a Mott's picture 27 where s-d orbital interactions dominate scattering in the two spin channels. In this framework, the relaxation time for a given spin carrier is inversely proportional to the d-orbital DOS, 28 Fermi energy, E F . Accordingly, we calculated the partial DOS for both CMG and CMFG alloys and determined the d-orbital DOS for the majority and minority carriers. The ratio of the majority and minority carrier mean free paths can be related to the Valet and Fert bulk spin asymmetry term, b, using the following equation:
If we take the approximation that the Fermi velocity for the majority and minority carriers is the same, we can then express b in terms of the ratio of the relaxation times of the spin carriers.
For CMG with S B2 ¼ 0.43, we find that n As noted earlier, the measured RAs for the different CMFG alloys were comparable. Therefore, if we assume the similar interface spin asymmetry for the different CMFG alloys, then based on the Valet-Fert model, 29 the DRA of CMFG (x ¼ 0.2) should be approximately 20% greater than that measured in CMG, which is similar to our measured percentage difference of DRA between CMG and CMFG (x ¼ 0.2) of $15% (from DRA at RT in Fig. 6(a) and DRA 4 K /DRA 300 K in the inset of Fig. 7 ). In addition, a previous study also fitted a higher b $ 0.8 at RT to experimental results from CPP-GMR devices based on CMFG (x ¼ 0.4) and a Ag/In-Zn-O/Zn spacer layer. 30 It is important to note that our estimate assumes that the majority and minority carriers have the same Fermi velocity. If the Fermi velocity of the minority carriers is lower than the majority carriers (a likely scenario), this would increase the spin asymmetry further and bring our estimate more in line with experiments. Therefore, this s-d scattering could explain the higher DRA values observed in CMFG at low temperatures even in the presence of slightly greater B2 disorder.
V. CONCLUSION
We have studied the effect of the composition of Co 2 (Mn 1Àx Fe x )Ge (CMFG) (x ¼ 0-0.4) Heusler alloys on CPP-GMR in spin-valves. By annealing at a relatively low annealing temperature of 270 C, which is compatible with applications to magnetic recording sensors, the CMFG films are B2-ordered with a significant amount of chemical disorder (S B2 ¼ 0.3-0.4), and S B2 decreases as the Fe substitution in CMFG is increased. Although DRA values at RT were almost independent of the Fe content in the CMFG layers, DRA shows a strong dependence on the Fe content in CMFG at low temperatures; i.e., DRA increases for higher Fe content in the CMFG films. While this seems to contradict the observed lower B2 ordering for higher Fe content, the firstprinciples calculations revealed that in the CMG and CMFG alloys with partially disordered B2 structure, the pseudoband gap in the minority channel (which is predicted for perfectly ordered B2 and L2 1 structures) is completely destroyed and it is filled with a significant DOS from d-orbitals. Thus, the larger DRA observed in CMFG (x ¼ 0.2) spinvalves at low temperatures in spite of the lower S B2 can be potentially explained by taking s-d scattering into account as the mechanism of spin-asymmetric resistivity between the majority and minority spin channels.
